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ABSTRACT

The development of techniques for the registration of CT, MRI and SPECT has created new possi-
bilities for improved target volume definition and quantitative image analysis which are particularly
useful for conformal radiotherapy. Our technique, based on chamfer matching, is suitable for
automatic 3-D matching of CT with CT, CT with MRI, CT with SPECT and MRI with SPECT. The
following applications will be discussed:
Target volume definition. By integrating CT with MRI, the diagnostic qualities of MRI are combined
with geometric accuracy of the planning CT. Significant differences in the delineation of the target
volume for brain, head and neck and prostate tumors have been demonstrated when using integrat-
ed CT and MRI compared with using CT alone. In addition, integration of the post-operative
planning CT with pre-operative scans improves knowledge of possible tumor extents.
Quantification of organ motion. By first matching scans based on the bony anatomy and subsequent-
ly matching on an organ of study, relative motion of the organ is quantified accurately. In a study
with 4 CT scans of 11 patients, magnitude and causes of prostate motion have been analysed. The
most important motion of the prostate is a forward-backward rotation around a point near the apex
caused by rectal volume differences. Surprisingly, significant correlations were also found between
leg and prostate motion and legs and bladder filling.
Follow-up studies. By integratingfunctional lung images made before and after radiotherapy with
the planning CT, the local relation between change of function and delivered dose can be quanti-
fied accurately. The technique of chamfer matching is a convenient and more accurate alternative
for the use of external markers on CT and SPECT. In some cases, late damage visible in diagnostic
scans can be related to local radiation dose, improving follow-up diagnostics.
Conclusion. 3-D image integration plays an important role in assessing and improving the accuracy
of radiotherapy and is therefore indispensable for conformal therapy. However, user-friendly
implementation of these techniques remains required to facilitate clinical applications on a large
scale.
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INTRODUCTION

Improvements in the accuracy of radiation therapy delivery, such as achieved through verification
using electronic portal imaging [e.g., Bel et al, 1993], have lead to the possibility of applying more
accurate treatment techniques. However, before reducing treatment margins, other uncertainties
should be analysed as well. We have applied our experience in the field of image processing derived
from our electronic portal imaging work to develop a new technique for 3-D image registration
based on chamfer matching. With this technique, different scans from the same patient can be
placed automatically in the same coordinate system derived from a specified part of the anatomy,
e.g., the skull or the pelvis. Previous methods for this purpose were often based on landmarks or
interactively delineated contours [Kessler et al., 1991]. There are a number of applications of 3-D
matching in the field of conformal radiotherapy. A first application is the pixel by pixel combination
of CT and MRI to combine the diagnostic quality of MRI with the geometric accuracy and density
information of CT for delineating the tumor and planning the treatment. Other applications are
based on the accurate comparison of repeated scans of the same patient to analyse organ motion
or follow-up on tumor control or normal tissue damage. The objective of this paper is to provide a
brief overview of these applications.

MATERIAL AND METHODS

2-D chamfer matching

The technique of chamfer matching [Borgefors, 1988] was originally applied in the field of aerial
photography, e.g., to overlay images made with radar and using infrared imaging equipment. In this
technique, a set of contour points is first derived from one image. Next, the corresponding structure
in the other image is segmented. A distance transform [Borgefors, 1986] is next applied to this
segmented image, i.e., all pixels on the structure will be set to zero and the value all other pixels is
set to the smallest distance of this pixel to the segmented structure. This image can then be used as
a lookup table to quickly measure the distance of an arbitrary to the segmented structure. By over-
laying the set of contour points on the distance transform a cost function that describes the good-
ness of fit can be derived easily, e.g., the average pixel value under all contour points describes the
average distance between both structures. Just as simple, RMS or other distances can be evaluate '
quickly. By numerical optimization of this cost function matching takes place (Fig. 1). Because the
distance transform can be computed recursively and only the set of contour points (instead of the
whole volume) needs to be transformed (translated, rotated, scaled) during the optimization,
chamfer matching is a very fast procedure. For example, matching of 2-D structures such as portal
field edges takes less that a second on a modem PC. In addition, the method is quite robust against
noise and small shape errors, making it an ideal solution for the latter application [Gilhuijs et al,
1993].

An important finding from our work in the field of electronic portal imaging is that chamfer
matching still converges to the visually preferred solution if the segmentation of the second image is
extremely poor [Gilhuijs et al, 1993]. For that reason, matching of the anatomy can be achieved
automatically. The anatomy in the reference image (simulator image, DRR) is described in the set
of contour points and segmentation of the portal image is performed using a simple top-hat filter.
This filter detects most of the bone ridges, but parts of the anatomical structures are often missed
due to insufficient contrast and artifacts are often introduced in the segmented image due to noise.
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Still, with this filter, reliabilities up to 98% have been achieved for matching AP pelvic images.
Improved filters, such as the multiscale medial axis transform [Fritsch et al, 1994], further improve
the reliability, making the method also more suitable for lateral pelvic fields and many other treat-
ment sites [Gilhuijs, 1995].

3-D chamfer matching

Extension of chamfer matching to 3-D is relatively straightforward [van Herk et al, 1993], Contour
points derived by autotracing each CT slice at suitable threshold for bone are stacked to form a 3-D
description of the anatomy in the CT scan (Fig. 2). Because a poor segmentation of the other image
is expected to be adequate we have first used a simple grey-value segmentation technique for the
MRL In this technique, the average grey value of the brain is derived by analysis of the histogram
of pixel value of the MRI scan. Next, two thresholds are chosen at fixed percentages from this
average value and segmentation takes place by selecting all pixels with a value between these two
thresholds (Fig. 3). For the distance transform and contour point description it has been taken into
account that the slice distances applied for medical scans are often non-uniform. For optimization
of the cost function, the simplex method is used [Nelder and Mead, 1965]. At least 6 parameters are
optimized: 3 translation values and 3 rotation values. However, also scaling factors along 3 axes can
be taken along in order to provide a first order correction for MRI distortions. To improve the
reliability of CT-MRI matching, a pre-match is performed using chamfer matching on the patient
outlines. The reliability and reproducibility of the method were estimated using a perturbation
method. Matching was restarted thousands of times from a random starting position according to a
clinically observed distribution of orientation differences, Failures to converge to the visually pre-
ferred match were counted to obtain a figure for the reliability, while small differences in the final
match parameters were used to estimate the reproducibility. The capture range is defined is the
initial displacement of one scan to another (defined as the average vector length of the displace-
ment of all contour points under an arbitrary rotation and translation) at which 90% of the optimi-
zations converge.

Hardware and software environment

The correlation software was implemented in the AVS (Application Visualization System) software
system (AVS Inc, Waltham MA). This processing and visualization tool allows users to construct
their own visualization applications, by combining software components into executable flow
networks. The software components, called modules, implement specific functions in the applica-
tion such as filtering, mapping and rendering. An advantage of using AVS for prototype software
development is that new modules can be easily added, while there exists a sufficient base of soft-
ware modules to test newly developed components independently. The flow networks are created
using a graphical development tool, the network editor. For the image correlation application that
is described in this study many additional software modules were written in C. Many of these
modules will not be used in the final application but have been written to supply a suitable test
environment. In a later stage, the same code base has been integrated in our software environment
used for portal image analysis, QUIRT (quality assurance and imaging for radiation therapy) which
has been extended with a windows NT user interface.
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Fig. 1. Schematic representation of 2-D chamfer matching. The contour
points (white) are aligned with the segmented structure (black) by iteratively
minimizing the average gray value of the distance transform image under the
contour points.

Fig. 2.Selection of contour points from a CT scan. First all contours are
autotraced at a suitable threshold value for bone. Next, contours smaller than
a given size are deleted and the remaining contours are stacked.

Traced and classified Ring stack
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Image material

In this study we have applied CT scans from a Siemens Somatom Plus. Typically slice distances are
3 mm in the region of the tumor and 5 mm for the rest of the scan. The number of pixels per slice is
either 512 x 512 or 256 x 256 and typically 30 to 60 slices are used. The MRI scans are obtained
from a Siemens Magnetom 63SP. Typical sequences that are applied are T2 (resulting also in a
proton density (PD) image), Tl with and without contrast and a flash 3-D sequence. For matching,
we apply most often the PD or a Tl scan. Because the PD and T2 scans are in by definition in the
same coordinate system, the match of CT with the PD scan can be used directly to fuse CT and T2
images.

Visualization

We implemented several visualization techniques for the qualitative assessment of the match quali-
ty. Comparison is based on the resampling of a single, arbitrarily oriented slice, from volume B and
the spatially corresponding slice (after matching) from volume A using trilinear interpolation.
Selection of the displayed slice is interactive (resampling of a new slice takes less than a second).
The two corresponding slices are mixed using various color schemes or image garbling procedures
which produce checkerboard-like alternations between, e.g., CT and MRI. For three-dimensional
visualization of the correlated volumes, Digital Reconstructed Radiographs (DRR) are created
either by ray tracing through the three-dimensional data, or by perspective projection of selected
surface points. The latter option, even when using several ten thousands of points, is fast enough for
interactive adjustment and is useful for obtaining the initial guess for matching or for visual feed-
back when clipping mobile anatomy. In practice, an initial guess of 0 degrees or 180 degrees rota-
tion is often sufficient.

Organ motion studies

Four CT scans were made during the course of conformal treatment of 11 patients with prostate
cancer. With the use of a three-dimensional treatment planning system (UM-Plan), the prostate
and seminal vesicles were contoured interactively. In addition, bladder and rectum were contoured
and the volume computed. Next, the bony anatomy of subsequent scans was segmented and
matched automatically on the first scan. Femora and the pelvic bone were matched separately to
quantify motion of the legs. Prostate (and seminal vesicle) contours from the subsequent scans were
matched on the corresponding contours of the first scan, resulting in the 3D rotations and transla-
tions which describe the motion of the prostate and seminal vesicles relative to the pelvic bone. The
method measures relative organ motion between two scans, e.g., differences in prostate position.
From the four scans made for each patient (A, B, C and D) six parameter differences can be de-
rived: A-B, A-C, A-D, B-C, B-D and C-D. Overall standard deviations of each motion parameter
were computed from these differences combined for all patients. Because the difference between
two samples from one distribution has 4 2 times the standard deviation of the original distribution,
the resulting standard deviations are divided by 4 2 to estimate the standard deviation of each
motion parameter of the organ. Correlation coefficients have been computed for most combina-
tions of the different motion parameters and the volume differences of rectum and bladder. In
addition, the contribution of each parameter to the standard deviation of each other parameter was
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Fig. 3. A simple segmentation scheme for bones in MRI data, (a) One slice
of a T1 weighted MRI scan. Due to the lack of water in bone, the skull shows
up dark gray, (b) A histogram is derived from all slices and the location of
the rightmost peak (corresponding to the brain) is found. Two segmentation
thresholds are chosen at fixed fractions of this pixel value, (c) Pixels
between the selected thresholds are segmented. A distance transform will
be applied to this image.
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Fig. 4. The following combinations of rotations of the femurs have been
considered in our organ motion study.
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computed. This contribution, e.g., from parameter A on parameter B, is computed as the standard
deviation of B times the correlation coefficient of A and B. This value is equal to the product of the
slope of a linear function fitted through B versus A times the standard deviation of A,
Due to the symmetry it can be expected that both legs (femora) have the same influence on
movement of organs in the pelvis. However, depending on the type of motion, the motion of left
and right leg either have the same or an opposite influence on the organ movement. For this rea-
son, both the sum and the difference of rotation angles of both legs have been used for statistical
computation. Six types of leg motion have been considered (Fig. 4).

Follow-up studies

Good visualization of changes in tumour or normal tissue is obtained by matching a follow-up scan
with, e.g., the planning CT scan. Because 3-D dose computation is based on the planning CT scan,
this match can directly be used to relate visual changes on any anatomical location to the planned
dose on that location. By applying functional images for the follow-up scan, measurable changes in
function can directly be related to dose on a voxel by voxel bases [Boersma et al, 1993].

RESULTS

CT-MRI matching for target volume delineation

The matching process requires no user interaction and takes about 100 s an HP715/50 workstation.
Tests on clinical data with cost functions based on mean, root-mean-square (RMS) and maximum
distances in combination with two general purpose optimization procedures have been performed.
The performance of the methods has been quantified in terms of accuracy and capture range
(reliability). The best results on clinical data are obtained with the cost function based on the mean
distance and the simplex optimization method. The accuracy is 0.3 mm for CT-CT, 1.3 mm for CT-
MRI and 1.4 mm for CT-SPECT correlation of the head. The accuracy is usually at sub-pixel level
but is limited by geometric distortions, e.g., for CT-MRI correlation. Both for CT-CT and CT-MRI
correlation the capture range is about 6 cm, which is higher than normal differences in patient
setup on the scanners (less than 4 cm). This means that the correlation procedure seldom fails and
user interaction is unnecessary. For CT-SPECT matching the capture range is about 3 cm, and must
be further improved. The method has already been introduced in clinical practice: matching of CT
and MRI for target volume delineation in radiotherapy treatment planning has been applied rou-
tinely since 1992 at Harvard Medical School, Boston [Kooy et al, 1993] and since 1993 at the
Netherlands Cancer Institute. The reliability of the method depends for a large deal on the pre-
match on skin and is excellent when the whole head is scanned on CT and MRI. However, mobile
anatomy, such as the lower jaw, must be clipped interactively. Otherwise, a local minimum is creat-
ed for a good match of the lower jaw, which influences both the reliability and accuracy of the
method. Typically, the complete matching procedure takes only a few minutes. In previous pertur-
bation studies we have found that the reproducibility of the method is on the order of 1 mm transla-
tion and 1 degree rotation. These data are in agreement with the accuracy observed by visual
evaluation. Recently, we have started studying the use of MRI in the pelvic region. For successful
matching in that region, mobile anatomy (legs) and MRI artifacts must be clipped as well. The
accuracy of the latter method has not yet been studied in great detail but seems somewhat poorer
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Fig. 5. a) Checkerboard visualization of matched CT and MRI. The contrast
has been optimized for visualization of the eyes and internal structures of
the brain. Due to the partial volume effect, the skull in CT appears to be
much broader than in MRI. b) Often very large differences occur in
appearance of the tumor in MRI (top) and CT (bottom).

Fig. 6. Visualization of the match between two pelvic CT scans. Part of the
intensity in this image has been derived from each scan. Double images are
visible where the match is poor due to organ motion, e.g., at the skin
surface, left femur (1) and prostate contour (2).
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than in the head region. Often, large differences are found in visualization of the tumor in CT and
MRI (Fig. 5).

Organ motion studies

Bone matching of two scans with about 50 slices of 256 x 256 pixels takes about 2 minutes on an
HP715/50 and achieves sub-pixel registration accuracy (Fig. 6). Matching of the organ contours
takes about 30 s. The accuracy in determining the relative movement of the prostate is 0.5 to 0.9
mm for translations (depending on the axis) and 1 degree for rotations (standard deviations) (table
I). Because all organ contours are used for matching, small differences in delineation of the pros-
tate, missing slices or differences in slice distance have only a limited influence on the accuracy.
Rotations of femora and pelvic bone are quantified with about 0.4 degree accuracy. A strong corre-
lation was found between rectal volume and anterior-posterior translation and rotation around the
left-right axis of the prostate (Fig. 7, Table III). Because the rectum volume varies significantly,
these parameters had the largest standard deviations of 2.7 mm and 4.0 degrees (Table II). Bladder
filling had much less influence. Less significant correlations were found between various leg rota-
tions and pelvic and prostate motion and bladder filling (Fig. 8, Table III). Standard deviations of
the rotation angles of the pelvic bone were less than 1 degree in all directions (Table II).

Organ Parallel to slice Perpendicular to slice Rotation

0.15 degree

0.15 degree

1.0 degree

Table I. Translational and rotational accuracy of chamfer matching in the pelvic area, specified as
one standard deviation in each parameter. The accuracies for matching of the pelvic bone and the
femora were estimated from upper error limits determined by visual inspection.

Pelvic bone

Femora

Prostate

0.25 mm

0.25 mm

0.4 mm

0.5 mm

0.5 mm

0.7 mm

Relative motion

Pelvic bone-table

Femora-pelvic bone

Prostate-pelvic bone

Translation
L-R A-P

3.9

1.0

0.9

2.3

5.4

2.7

(mm) along axis:
C-C

8.8

3.3

1.7

Rotation (degrees) around
L-R A-P C-C

0.9

2.7

4.0

0.5

2.0

1.3

0.7

3.7

2.1

Table II. Magnitude of relative organ motion in the pelvic area specified as one standard deviation.
These values are quantified from differences in position between pairs of scans by dividing the
standard deviation of the differences by 42. The values for motion of the pelvic bone relative to the
table indicate the setup deviations on the scanner. The statistics for left and right femora have been
combined. Because rotations are described around the center of gravity of the applied leg contours,
rotations around the joint induce translations as well. The prostate is fairly stable, except for trans-
lations in the A-P direction and rotations around the L-R axis. For most parameters, measurement
errors are well below the observed variations.
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Fig. 7. Correlation between rectal volume differences (measured with the
U-Mplan system) and rotation and translation of the prostate (measured
using chamfer matching). Increasing rectal filling tends to rotate the prostate
around a left-right axis of the patient near the apex of the prostate. The
translations are measured because our reference point is the center of
gravity of the prostate.
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Fig. 8. Correlation of differences in bladder filling and differences in the
width of leg opening (averaged over 60 scans of 11 patients). Patients with a
full bladder tend to reduce the width of leg opening.
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29.8

29.8

3.3

95.2

1.6

3.7

95.2

3.0

4.0

2.7

0.9

3.3

2.1

2.1

2.7

2.1

0.085

0.06

0.15

0.02

0.6

0.3

0.008

0.4

Parameter pair

A B corr(A,B) stdev(A) stdev(B) slope(A,B)

Rectum (cm3) Prostate R(L-R) (dg) 0.65

Rectum (cm3) Prostate T(A-P) (mm) 0.62

Leg opening(dg) Pelvis R(L-R) (dg) 0.56

Bladder (cnr) Leg opening (dg) 0.52

Leg scissor (dg) Prostate R(C-C) (dg) 0.47

Leg roll (dg) Prostate R(C-C) (dg) 0.46

Bladder (cm3) Prostate T(A-P) (mm) 0.26

Combination (*) Prostate R(C-C) (dg) 0.54

Table III. The most significant relations between pairs of measured parameters of organ motion in
the pelvic area. Slope(A,B) indicates the slope of a straight line fitted through a scatter plot of B as
function of A. Only those relations are included for which the correlation coefficient (corr(A,B)}
exceeds 0.325 (p < 0.01) and for which the contribution of A to the standard deviation of B
{slope(A,B) * stdev(A)} is clinically relevant. An exception is the influence of the bladder on
prostate translation which is shown, even though it is non-significant. The slope values
{slope(A,B)} can be used to predict the influence of variations in parameter A on parameter B. (*)
This combination is computed as follows: 0.5 * leg roll (dg) - leg scissor (dg).

Follow-up studies

By integrating functional lung images made before and after radiotherapy with the planning CT,
the local relation between change of function and delivered dose can be quantified accurately. The
technique of chamfer matching is a convenient and more accurate alternative for the use of exter-
nal markers on CT and SPECT. In some cases, late damage visible in diagnostic scans can be relat-
ed to local radiation dose, improving follow-up diagnostics. Fig. 9 shows an example of tumor
regression over a period of three months in a patient which was treated stereotactically twice at
Harvard Medical School. Fig. 10 shows CT scans of a patient with a lung reaction half a year after
receiving a mantle field treatment. By correlating the planning CT with the follow-up CT based on
the lung tops (the scans were made with the arms in different orientations) the given dose at the
point of the lung reaction could be estimated. These data were important for the subsequent clini-
cal decision, because it showed that the lung damage was most likeley related to the high local
radiation dose.
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Fig. 9. Example of tumor regression. Two CT scans of the same patient
with three months in-between have been matched based on the skull. The
outer enhancement ring is from the first scan, the inner ring is from the
second scan.

Fig. 10. (1) lung damage visible in a follow-up scan. (2) By overlaying the
dose distribution (defined on the planning CT) on the follow-up scan, the
given dose at the area of damage can be estimated. A complicating factor
for this match was that the scans were made with the arms in a different
orientation. Consequently, only the lung tops were used for matching.

Planning CT + follow-up CT) Follow-up CT + planned dose
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DISCUSSION AND CONCLUSIONS

3-D matching

We have developed a general purpose 3D image correlation method based on chamfer matching
that does not rely on interactively delineated landmarks or external markers. The method works
completely automatically and does not require user interaction for the definition of contours or
other tasks, except when mobile anatomy must be excluded for matching. A correlation on routine
clinical data, e.g., with non-equidistant slices is performed accurately are reliably in less than two
minutes. The result of the correlation is verified by using simple colorwash or garbling schemes in
which a slice from one dataset is compared with a resampled slice of the correlated dataset. Since
the end of 1992, the method is applied in routine clinical practice at Harvard Medical School.

Using automatic segmentation schemes based on histogram driven thresholding, successful correla-
tion has been demonstrated between CT-CT, CT-MRI and CT-SPECT of the head. In a perturba-
tion study with clinical data, reliability and accuracy of the matching method has been quantified
for these three applications with various combinations of cost function, optimization procedures
and number of contour points. In general, the cost function based on mean absolute distances
outperforms the RMS cost function which is used by most other authors. For this application, the
simplex optimization method works better than Powell's method [Brent, 1973]. In general, 1000 or
more contour points are required for reliable and accurate correlation.

In the absence of distortions, an accuracy of sub-pixel level is obtained, which is the case for CT-CT
and CT-SPECT matching. The accuracy for CT-MRI matching is limited by distortions, but is still
about 1 mm. The reliability of the method depends most on the presence of artifacts in the seg-
mented images and is 100% for CT-CT correlation. The reliability can be improved when a good
initial guess of the matching transformation is available. For CT-MRI correlation this first guess
has been obtained by first matching on the skin, resulting in a reliability of about 98%. For other
applications, interactive matching techniques can be applied. Without such an interactive pre-
match, the reliability of CT-SPECT matching is about 80%

In future work, distortions should be considered in the matching procedure. A possible approach is
to model the distortions and to include the parameters of the distortion model for optimization
during the chamfer matching process. By taking distortions into account, e.g., those introduced by
object-induced inhomogeneities of the magnetic field, CT-MRI correlation should become more
accurate. To improve the reliability of the correlation method (especially required for CT-SPECT
matching) better segmentation methods must be developed. Finally, more work is required for
testing the method for other combinations of modalities and for other anatomical sites.

Organ motion

Using three-dimensional image correlation, the motion of organs relative to bony anatomy can be
quantified accurately. The accuracy is better than 1 degree rotation and 1 mm translation for
measuring prostate position and around 0.2 degrees for measurement of motion of bony anatomy.
Uncertainties in contouring and visual interpretation of the scans have a much smaller influence on
the measurement of organ displacement with our new method than with conventional methods for
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quantifying organ motion. However, a disadvantage of our method is that it only quantifies motion,
and no shape variations. Therefore, the organ under study must have a relatively constant shape
Shape variations of the prostate appear, however, to be acceptably low to allow accurate measure-
ments.

From the measurements in the pelvic region of this group of patients the following conclu-
sions can be drawn. Prostate motion is small, except for A-P translation (3.2 mm standard devia-
tion) and rotation around the L-R axis (4.5 degrees). Most prostate motion can be attributed to
rectal filling differences, but leg rotation and bladder filling also contribute. Rotations of the pelvic
bone are very small, less than 1 degree standard deviation in all directions, but pelvic rotation
around the L-R axis is influenced by the width of leg opening. Finally, an interesting correlation has
been observed between bladder filling and the width of leg opening.
Using three-dimensional image registration, the motion of organs relative to bony anatomy has
been quantified accurately. Uncertainties in contouring and visual interpretation of the scans have
a much smaller influence on the measurement of organ displacement with our method than with
conventional methods. We have quantified correlations between rectal filling, leg motion and
prostate motion.

In general, 3-D image integration plays an important role in assessing and improving the accuracy
of radiotherapy and is therefore indispensable for conformal therapy. However, user-friendly
implementation of these techniques remains required to facilitate clinical applications on a large
scale.
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